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ABSTRACT

Both the raw shale material and the retorting
process parameters are influeatial in determining
the suhsequent behavior of the spent shale solids
with respact to leachi g and/or anvironmental weath-
ering. The process paramaters deffne the mineral
reactions that occur to form the mineral assemblage
in the spent shale, while the major and trace ele-
ment residerces and mobilities from the raw shale
determine the extent of incorporatinn of these ele-
mants in the spent shale matrix and ultimately the
composition of 1sachata generated by the spent
shale solid: water interaction. In order to under-
stand leschate compositions, it {s necessary to
deterwine this water: s711d interaction, but the
solid wastes being considered are a deperdent func-
tinn of the raw shale saterial and the process param-
aters. Thus, in order to understand the chemical
principles operative in leachate generation, it is
necessary tc elucidate the interplay of the raw mate-
rial and the pro:ess parameters {n the formation of
the waste aid then the interaction of the waste form
with vater. The leachate and the solid waste are
dependent variadles, while the raw shale and the pro-
cess paramaters are independent variables. These
considerations sre {liustrated by results of chemical
characterization And experimenta! studies of fiald
generatad spent stales. Results from fleld ger-
eratad materis's are used 1> dascribe important
cong'derations ~elat{va to the understanding of
Inachete chemistry,

INTRODUCTION

Complex health end envirummental fscues wil)
affect both the extent «nd rate of development of
the western oil shale resource. Inc!uded among
these are concerns such as, land disruption, aquifer

diversion, air and water contamination, waste dis-
posal, and health and environmental problems asso-
clated with the refining and utilization of the
shale o011 (1). One of the most pressing questions
that needs tesolution early in the o1l shale devel-
opment cycle conceras the nature and seriousr.ess of
water contamination caused by the extraction and
processing of oil shale, and the dispos3] of the
solid and Yiquid wastes ganerated. There are poten-
tia) water po'lution problems attendant to both
surface and underyround processing of oil shale, and
indeed the choice of recovery technology may hinge
o0 the solvability of such lizalth and environmenta)
1ssues.

In order to develop an orderly perspactive nf
health and environmental consequences of oi) shale
(or any synfuel) processing, the {dentity and be-
havior of the raw materiel, the fundamental chemica)
principles operative during processing, and the
{ntaraction ot raw material and the process to yleld
procducts, effluents, and waste aust be understood.
The utility of this approach is {)llustrated with the
aid of Figure !. This figure deals with cunsidera-
tions relating to leachate generation from solid
wasted, but the approsch !s applicable to under-
standing the nature and extent of all products and
effluents from synfusls operations. In order to
understand leachats composition, it 1s necessary to
dJetermine the water/solid !nteraction, but the solid
waste being considered is a dependent function of
the raw shale matertal and the process parameters.
Thus, in order to understand the chemical principles
operative in the leachates (effluents), {t {s nec-
essary to elucidate the interplay o¢f the raw mate-
rial and the process parameters in the fcrmation of
the waste anc then the interaction of the waste form
with water. The effluent and the solid waste are
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Figure 1. Important factors determining coapo-
sitions of effluents from synfurls
processes.

depencient variables, while the raw shale and the
process parameters are independent variables. The
role of careful characterizattion of solids in devel-
oping an intearated ascessment of health and environ-

mental consequenceas of synfuels procesting {s obvious.

In order to {1lustrate tha importance of aate-
rials characterization in developing an undarstand-
ing of synfusls processing impacts, research afforts
concerning the question of retort abandonment after
in situ of1 shale processing wil) be destribed. The
retort abandonm.nt issue is critical with respeact to
maintenance of groundwater quality after commercial
operations have ceased. The study of two spent shala
cores and one raw shale core from Occidental 011
Shale Inc's. Logan Wash site has been completed and
this information has been used to evaluate the
extent of zoncern associated with retort abendon-
ment. The solid core (raw and spent) samples have
been characterized by infrared spectroscopy, x-ray
disfraction, and, in some cases, optical microscopy
and scanning electron microscopy/energy dispersive
spectromevvy. Trace element concentrat.ons {n Lhe
solids wure determined by nautron activaclon anal-
ysis. There solid samples were leached by a stand-
ard proredure, leachate composition was determined
by direct current argon plasma emission spectros-
copy, and solutfon chemical principles contralling
leachats compositinn ware investigated. These data
are necessary for the ultimate dafinition of the
physical (e.g. surface ares effects, permeability,
and minera) environment effects) and chesical (e.g.

oxidation-reduction, decomposition, and mineral
1eactions) processes that are responsible for en-
hancement of trace element mohilitias from spent
shale solids. The results of the characterization
studies will be described, assessment of water
qualit, imolications from these data will be briefly
discursad, and the role of so'lids characterization
in detarwining health and environmental consequences
of synfuels processing will be summarized.

PROCESS DESCRIPTIOM

Occidental has been axperimenting with modified
in situ (MIS) technique at Logan Wash, CO. since
1972. The method involves mining to remove 20-25%
of the rock from a chamber (or room), explosive
fracturing of the rock to uniformly radistribute the
veid creatad by mining, and igniting the orgenic
bearing rock to pyro'yze and then distill the or
ganic material from the solid. A heavy uil type
1iquiu condenses at the bottom of the retcrt and is
pumped to the surface. Heat for the retorting
process is provided by combustien of the residua)
organic carban left on the rock after ths major
organic material has distilled away. The Lhird
exparimental retort, designaiec 3E, measured 32 ft.
wquare by 113 ft high. Data indicate significant
inhomogenei.ies in retort 3E solids suggesting
channeling in retort 3E. The combustion front
ceised after mov.ng through the upper half of the
charber. The inpul guses in retort 3F were 70X air
and 30X recycle gac. Wate: wan injected into the

retort sevaral timeer for process temperature con-
trol. Ofvgas wes recycled through the retort for
sever3] weeks after the retort was shut down. The
consequencas of thesa prccedures are discussed after
the cheracterization data is summariled.

MINERALOGY

(1). Raw Shale. Varioue auihors have reported
investigations of mineral species in raw oi) shale
(2-4) Thae minaral composition varies stratigraph-
fcally, but carbonates and si:icates predminate in
most rones. Carbonate miicerals found in rew sinale
incluc'e dolomita/ankerite, caicite, and in the dep-
ositional center of the basin, lesser amwnts of
nahcolite and dawsonite. Sili{cate minerals found in
raw shala {rclude o-quartz, albite and orthoclase,
as wall as {M1{te, otner clay minerals, and analcime.
In addition, sma'l amounts of pyrite are widespread
taroughout the Green River formation.



TABLE I

RAW SHALE MAJOR MINERALOGY SUMMARY
LOGAN WASH CORE Lw-156"

lone 1 b
8173-7923 ft.
a-Quartz M
Dolomite M-S
Calcite L]
Analcime W
Plagioclase M-S
Orthoclase w
Augite v
Pyrite T
INite 0-T

'Logand (relative phase content):

Zone 2 Zone 3
7923-7698 ft. 7698-7623 ft.
M-5 M-S
M-5 M-S
M =M
W-M M
ww W
W L
W W
0 b
w w-M

S = major, M = moderate, W = minor,

!H = very minor, T = trace, O = none detected.

Absolute elevation,

A summary of the mineralogy found in core
Lw=-156 from the Logan Wash site is given in Table I
The zonation indicated in Table I was determinad by
examining differences in mineralogy and leaching
behavior of the solids. The carbonate minerals do
not vary detectably as & function of depth and most
of the noticeable differances are variations in the
{dentity and quantity of silicate minerals. Anaicime
and the clay mineral {1lite increave steadily as a
function of depth, while the plagioclase feldspars
decreases steadily as 8 function of depth. An
unidentified metamor~phic mineral, sinilar crystal-
ographically to cthe augite solld solution (Visted as
augite in Table 1), increases steadily with incress-
ing depth. The effects that thesa differences had
on leachate composition will be discussed shortly.

(2). Spent Shate. The raw shale mireral
phases discussed above undergo a variety of decom-
position and solid phase resctions during retorting,
depanding on the original rew shale compositien,
maximum retorting temperature, time at maximum
temperature, heating rate, gas atmosphere (and
pressure), postburn conditions, etc. The extent of
carbonate decomposition and silicate formation, as
wall as the disappearance of a-quartl, plagioclese
feldspars, and potassium felidspars, indirate the
extremes of temperature and retorting atmosphere

axperienced by the spert shales. In situ retorted
spent sheles exparience more extrema conditions than
surface retorted shales, and thus decomposition and
silication reactions occur to a greater extent. The
major high temperature product phases include
akermanite-gehlenite and diopside-asugite solid solu-
tions. Mineralogica) data for spent shale cores
frum Logan Wash retort 3E are suswerized in Table
11.

Mineralogical changes that occur during of)
shale retorting are dominated by silicate ard car-
bonate reactions and depend nrn the gas environment
(5,6). At less than 770 K, the minor saline sudium
carbonate minerals dawsonite, nahcolite, shortite,
and trona decomposs tc yielu sodium carbonates,
coz. and water. At slightly higher temperatures,
the major carbonate minarals calcite and dolomite
begin to cecompose significanily, Dolomits dacom-
position proceeds at 925-1025 K with avolution of
coz and formation of periclase and calcite. The
periclase persista at lower temperatures but dis-
appears at higher temperature because of s{) 'cste
Tormation. The calcite 1s chemically iIndistingiish-
able from the original calcite (5). Calcite decom-
poses above 107% K with avolutiun of COZ‘ Steam
greatly enhances the decomposition of dolomite and
calcite and promutes silicate formation, whereas
c02 inhibits calcite decompusition and depresses



TABLE II

SPENT SHALE MAJOR MINERALOGY SUMMARY
CORES R3E2 anD R3E3

78520;8?3b ; Zone B Zone C b Zone D __1one E b
- 813-7798 1798-7768 7768-7733 7733-7693
Oolomite 0 0 0 0 M
Calcita 0 M M w-M M-S
Quartz 0 T T T M-5
Orthoclase 9 0 0 W-M o-7
Plagioclase 0 M 0 0 M
Analcime 0 w 0 1] W-M
Aragonite 0 T WeM w T
Gypsum 0 0 T 1 T
Akermanite S w S M Y
Oiopside L] w M S L
Monticellite 0 0 L] W-M W
Forsterite 0 0 0 7 0
Kalsilite w 0 W-M M 0
Periclase 0 0 0 T L]

;For legend see Table 1.
Absolute edlevation in ft,

silicate formation, At grester than 1075 K, calcite
may 830 redct with quart2 to form calcium silicates,
or perhaps with feldspurs to form calcium aluminum
sflicates. This competing reaction does not accur
unti{l a temperuture is reached at which k.q for the
~eaction is greater than the partial pressure of _
COZ; than it proceeds very rapidly (5) In addition
at ~ 1075 K s{1fcate minevals, sucn as analcime and
various clays, decompose forming titanium, a’uminum,
and {ron oxides. Thesa oxides also may reuact with
each other to forw nonresctive si)fcates of the
augite o akermanite-gehlenite series

Postburn mineralogical reactions cre dominated
bv aqueous snd gar nhase pracipitation resctions.
Abandorad retorts say require water cr gas cooling
to promote stiuctural stapility. Retorl 3F was
cooled by recycle gas with high coz ~oncentration.
Water was also injectad fnto this retort five times
during retorting to dilute the inlgt air with steam.
Commercial retorts may be cooled by a water quench,
which may vcause chemical reacti{ous between the min-
eral phases 1 the hot spent shale and the coolant.
Aragonfite, shich was identifigd in cores frcm retort

3E, is the preferred crystalline form of calciue
carbonate preacipita:ing from warm solutions. This
type of reaction msy orcur during water injection in
the gas recyCie mode. Some calcite say also have
precipitated after cooling becsuse of high alkalinity
of groundwaters seeping into the retort. Gypsum also
say be formed during postburn treatment or during
recycle retorting. Sulfur dioxide in the offgas

1e known to reart with CaD in the spwnt shales to
Tora gypsum (7).

This shows that the disappearance of raw shale
afnerals and the formation of a new suite of min-
erals in the processed shale can be accomplished
through a variety of reAction pathways detsrmined by
pracess variables such as maximum tempereture, time
at maxisum temperzture, heating rate, and atmnsphars.
These mineral reacti{ons are accompanied by cheaical
reactions of the minor and trace elements. Both the
minera) and chemical reactions that occur during
retorting affect the mobility of the wajor, winor,

-and trace element: from thae shale when contacted
with water. The mobility of elements can be af-
fecied by several fectors, including decomposition



or reaction of the the original mineral hosts, the
ability of newly formed spent shale minersls to
accommodate major, minor, and trace elaments in
their crystalline structures, and the oxidizing or
reducing nature of the itmosphere. Tnese factors,
as wall as solution chemical considarations, must be
considered in inveztigations of leachate composi-
tions generated from spant shales. Thus, sineralogy
of spent shales iz important in process assessment
ond in avaluation of the health and environments]
acceptability ¢! products and effluents from the
retorting technology.

Exlminna1dn of Tenle 11 indicates the range of
pineral types present in the spant shale assemblages
(8,9). Each minera) type diccussed above is found
in varying quantities throughout retort 3E and
careful avaluation of the data reveals several
observations about the processing history of this
retort. The extent of silfcate formation and carbo-
nate presence in retort 3E is graphiZally presented
in Figure 2.

Thare are five zones in retort 3E, each char-
acterized by a different minera) assembiage. Each
assenblage provides insight into the process con-
ditions experienced by the material in esach zone.
lone A extends from 7823 to 7813 ft (depth: 435 to
445 ft.) and contains very few carbonate minerals,
very little quartz, and large quantities of high
iemperature silicate products. This zoune has seen
high temperatures probably dua to ignition of the
retort. Zone B extended from 7813 to 7748 ft. (depth
: #45-460 ft.) and contains modarate amounty of

calcite, aragonite, and quartz. There are very few .

high temperature silicates in this zone. The cal-
cite probably survived the retorting process, while
aragonite 1is due to pastburn operstions This zone
probably experienced temperatures in the range 800
to 1000 K for short duration. Zona C extending from
7798 to 77GB fL. (cepth: 460-490 ft.) 1s character-
12ed by some calcite and aragonite, almo~t no quartz
and large amounts of high temperature siiica*e prod-
ucts, predominantly &' ermanite-gehlenita solid solu-
tion with lesser amountr of diopside-augite solid
solution. This zone experienced high temparatures
for moderately long perfods of time The cowbustion
front terminated at the bottom of this 2one and 1t
sesmg to have been affected slightly Ly postburn
operations. This zone, along with Zone D, expe-
rienced the most extrema process conditions 1in
retort 3. The other high temperaturs 2one, lone D
extending from 7768 to 773) ft. (depth: 490-5:5

- - CABSONATI miSRAL) &4
«~QuARTE @@
- PROOUCT GiICATE Prags ==

DEPTH (0}
]

figure 2. Carbonste, g-quartz, and product silicate
mingrals variation with depth 00SI core
R3E2

ft.), has very few carbonates, very little quartz,
and large quantities of high temperature silicates.
These products were mainly diopside-augite solid
solution and lesser amounts of akermanite-gehlenite
8211d solution. Forsterite was detacted in core
R3E3. The most probable reasons for the indicated
mineralogical changes fros: Zone C to Zone D are
higher temperatures for different heuting durations
for one section somparec to tha other or a change in
the bulk composition of the raw shale in the vicin-
ity of 7770 ft., tiat would alter the mineralogic
reactivity pattern. The 7770 ft elevation corresponds
to the A-Groove mart:er and tne beginning of the
Mahogany lone, but this levei falls in the middle of
cors LW-156 Zone 2 and there are no obvious dif-
fersnces in the inorganic matrix sbove and below
that level. It is not certain what combination ot
retorting corditions will favor particuiar high -
Lemparature silicate products, although a recent in-
vestijation suggests chat there are trade-offs
betweer. waxie'wm temperature and time at maximum
temperatury (10). However, 1t is obvious that Zone

‘C and D exparienced tha most savere processing con-

ditions. Zone E sxtendn from 7733 to 7693 ft (dapth:
530 to 565 ft.) and represents the "bottom plug" of

the retort. This region 1s characterized by large



amaounts of carbopate minerals that appear to have
been unaffected by postburn operations, large quan-
tities of quartz and feldspars, and few high tem-
perature silicate ghases. These materials have only
experienced low to moderste temperaturas, probably
less than 1200 X. It is also possible that the
small quantities of product silicates may be friable
materials previously existing in iunes C and D.

LEACHING BEHAVIOR

Solid samples from the Loganh Wash raw shale
core LW-156 and fym .o spent shale cores retrieved
from r *rt 3E have L%en subjected to a standard
leaching experiment in order to determine the water:
solid 1nt§rlction sr a functicn of the minaralogy of
the soi1d materigl. If the experiment is done in a
rigorousiy controlied fashion, rasults from the
leuchates should reflect differencas i the solids
and complement other solid characterization tech-
niques. Baseline sata for raw shale lsachability
and similar data for spent shales is essential to
understand the physica! (surface area) and chemical
(mineralogy) principles controlling solubilization
of contaminants from the solid by water and to
detenaine the factors (solution chemical control,
adsorption) that control the mobility of contam*
inants away from the solids after dissolution.

The standard leaching experiment i3 a static
shaser experiment fnvalving & 5:1 water to solid
ratio of distilled water and =100 mesh solid mate-
ria). The sxperiment 13 usually conductad for 48
hours. Datails of the experimental procedures and.
analyses are described elsvhere (11). Leachate com
positions depend on ths extant of cccurrencs of
minerals in the so0lid material, the amount of each
elowent avallable in the solid material, the dynamic
effects that control the mobilization of a par
ticular element fro— the bulk solid to solution at
the solid/ liquid interface, and the chenical pro-
cesses that occur as the bulk selution constituents
wove to establish equilibrium. The axperiment
described above is designed to sddress the first two
and the las: consideration. To understand the
equilibrium process that affect the solution chemis-
ry, dynamic effects are investigated in separate
experiments. The static expariments are more usefyl
as & solid characterization toel, because fewer
variables are involved and .asults are more aasily
interpreted.

(1). Raw Shale. A summary of leachate con-
centretions of selected major and trace elements for
‘aachates generated from raw shale core LW-156 mate-
rials {3 shown in Teble [II.

These data are crganized sccording to zones
delineatad by mineralogy dsta. It is obvious that
differences manifested by changes in mineralogy as a
function of depth are also indicated by the leachate
compositions. 2Zone 1 leachates have moderate pH
values, low conductivities (less than 350 pmho/cm).
low concentrations o major elements, and lass than
detectable levels of most trace elements. These
results are consistent with the minaralogy of these
materials. The mineral azsemblages in this region
consisrted of relatively inscluble carbonates and
silicates (quart: and feldspars) and a luck of minor
minerals (clavs end pyrits). 2one 2 leachates,
however, are characterized by pH's of 9.5, conduc-
tivities in excess of 900 umho/cm, and higher con-
centrations of most elemants compared to Zone ).
Leachate composftions (compared to Zone 1) have
lower calcium und magnesium concentrations, in-
creased concentrations of sogium, lithfum, boron,
vanadium, and molybdenum indicating increased solu-
biifty. There i» also a problem associated with
psrticulate clay mineral remova! by the standard
separation procedure. Millipore 0,45 filters do
not effectively remove particulates from the leach-
ates generatad from Zone 2 materials. This behavior
is refiscted by apparent increased solubilitiss of
aluminum, iron, silicon, and titanium. Howaver,
these four elaments can be removed by a Nucleopore
0.2u f{1ter, while the othar elements listed Ldove
are not removed indicating true solution behavior.
Examplec of this problem are given in Tabla IV.

These particulates have been i‘dentified by x-ray
diffruction analysis of the filtars to be 111ftic
clays.

It 1s suggested that the different leaching
behavior of Zone 2 waterials with respect to Zone }
materials are due to differences in the minor min-
eralogy of the tw~ .ones. Jone 2 materials have
tlevated levals of {1iite as detected by XRD and
this correlates with the Zone 2 leaching pehavior
including the partfculate remova) problem and in-
creased solubilities of arsenic, boron, molybdenum,
vanadium, and fluoride. 1t should be pointed out

* that lone 2 leachates also have ele.ated sodium and

carbonste concentrations. This suqgusts that a
sodium carbunate mineral, such as nahcolite or



Al
As
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Fe
Mo
S1
Na
Ti

"

TA3LE 111

RAW SHALE LEACHING smuv

LOGAN WASH CORE LW-156
Zone 1 b Zone 2 b Zone 3 b
8173-7923 ft. 7923-7698 ft. 7698-7623 t.
pH 8.57 9.50 8.5%2
cond (umho/cm) 345, 740. 750.
As c.0l 0.6 0.00
B8 0.04 10.7 0.18
Ca 27.4 2.06 75.9
Mg 15,4 9.13 2.
Mo 0.38 1.10 0.06
Na 1n.o 177. 38,
Sr 1.20 9.02 ()|
v 0.01 0.5 0.0t
F 1.5 6.9 2.0
c0d” 70 200 70
s02” 50 0 200
San ‘values in pg/me except as indicated. bAbso]ut.o eievation
TABLE 1V
APPARENT LEACHATE CONCENTRATIONS FROM ZONE 2
MATERIALS WITH SUCCESSIVE FILTRATION (IN PPM)
)
Sample 16 Sample 32
A B C A B C
6.45 0.42 0.01 10.7 9.6 0.08
0.5 0.84
7.34 7.07 7.10 1.4 1.3 10.5
5.78 0.28 >0.01 9.92 .01 0.05
1.62 1.59 1.54 1.14 1.12 .]'04
32.3 5.8 4.5 54.1 48.0 5.4
100 98 97 143 4 135
0.28 0.0! <0. 0V 0.8¢ 0.49 0.0
0.3 0.29 0.27 0 48 0.47 0.36

A=0.45p millipore; B = 0.45 y millipore refiltered; C = 0,2y nucleopore



dawsonite, may be occurring at concentrations not
detectable by XKD. It iy apparert that both the
1111tic clays and the Nl/C03 bearing mineral are
contributing to the leaching behavior of Zone 2
solids. Subsequent analysis must be made cognizant
of the effects of the minor minerals in the raw
shale. Zone 3 leachates are characterizad by higher
calciue and magnesium solubilities, slightly higher
boron, 1ithium, and sedius solubilities (compared to
Zone 1), and slightly lower molybdsnum solubilities.

From these experiments, it is observed that
leaaching behavior can vary as a function of depth
and also, consequsntly from place to place in the
?iceance Basin. This variation is {1lustrated for
boron and vanadium mobiiity from Logan Wash core
LW-156 ir Figure 3. These behavioral differunces
correlate with identity and amounts ¢f the minor
minerals di.persed through the major mineral matrix.
:n subseguent interpreiations of Logan Wash data, it
is important to realize that Occidental's retorting
oper-ations are positioned in the same stratigraphic
horizon thav contains the Zone 2 shales.

(2). Spent Shales. Selectard analytical re-
sults for cations and fluoride, p', and conductivity
in spent shale leachates from cors 2 nf retort 3E
are shown in Table V. Thasc data ancompass Zones B
through E as delineated by wmineralogy data. The
results are similar for core 3 and appears to cor—
roporate corclusions based on mineral dsta. The pH
values of the leachates range from 8.8 for section 2
to 11.6 for section 11, Sections 4T through 7 have
pk values of upproximately 10.2, as would be gx-
pected for sciutfons in contact with silicate min-
er;lz (pH of synthetic akermanite solution = 10.2).
The relatively lower pH's of sections i3 and the
high Ct’z ion concentrations suggest the presence of
calcium svifate instead of calrium oxide, and this
is cansistent witii the mineralogy. Thc higher pH
and " arger Ca‘z ion concentrations in the lowar
sections could indicave the presence of small amounts
of magnesium or calcium oxides (pH of Mg0 = 10.0,
Ca0 = 12.4), not detecta™le by x-ray diffraction.

Conductivity data can be correlated with the
identity of the solid materisis, which {s related to
processing cunditions. Conductivity values are
relatively lcw for sections 5T through 9, but not as
low as fur typical raw shale lsachates. Sectfions
AT, 48, and 10 are relatively higher even though
they have significant quantities of product silicate
phases. Sections AT and 4F have reasonably high

] [<X] | Q K]
B ANRD v SOLUBILITY
VARIATIOM WITH DEPTH

300

800

700

DEPTH (1)

900

o BORON SOLUSBILITY
e VANADIUM SOLUBILITY

1000 '
10 19
pem

Figure 3. Boron and vanadium solubility variations
as a function of depth fer core LW-156

Ca+2 contents, suggesting the possibility of small
quantities of calcium oxide. Conductivity of sec-
tion 10 is high due to higher zlkaii metal ton
concentra*ions. Conductivity and elemental analyses
of section 14, as well as minsralogy data, suggest
that the material is essentially raw shale.

It is obvious from Yable V that calcium ion
concentrations are directly related with conduc-
tivity values ana go through a minimum in sections
6T and €B. This is consistent with the low solu-
bility of alkalina earth silicates, such as sker-
manite and diopside. rHowever, several elements
indicata trends which are inversyly related to the
solubility behavior of ths alkaline earth elements.
These elements, including arscnic . boron, fluoride,
molybdenum, and vanadium, sre 1isied in Table V.
These data suggest that trace elements of potential
concern are mocbilized from spent shales contalining
akermanite-gehlenite solid solution as the major
high temperature silicate phase. Trace elements
sppear not to be ar mobile from ipert shales con-
taining diopside s the major silicute phase. This
observation is {ndicated grephically in Figure 4,
which 1a a comparison of akermanite-gehlenite and
diopside occurrence with percentage vanadium solu-



TABLE V

SELZCTED TRACE ELEMENT CONCFNTRATIONS, pH, AND SPECIFIC
CONDUCTIVITIES IN LEACHATES FROM CORE RIE2 (IN PPM).

Spec.
Absolute pH cond.

Section Elevation pmho/cm As 8 Ca F Mo v
1 7802 9.09 2260 0.010 1.93 133 3.9 0.84 0.165
7796 9.07 <0 01 2.69 566 0.3 1.88 0.618
779 8.78 2780 <0.00 2.4 352 5.2 0.293 0.129
4T 7786 10.28 2250 <0.002 1.96 223 4.3 0.474 0.401
4B 13.20 2210 ¢.008 2.41 237 5.2 0.429 0.437
5T 7781 10.4) 1450 0.010 2.1N 39.6 5.2 0.541 0.87
5M 10.19 1350 <0.002 1.63 48.7 4.4 0.528 1.08
5B 10.24 1500 0.006 1.9 64.0 5.3 0.520 0.77
6T 7776 10.34 1120 0.026 6.55 4.51 12 0.812 1.9
68 10.00 880 0.034 5.33 3.5« 21 0.658 1.75
7770 10.02 1400 <0.0 4.13 14.8 17.0 0.726 9.569
7754 9.43 1450 0.011 1.88 106 2 0.788 0.212

7750 9.78 995 0.016¢ 1.9) 46.) 5.4 0.6 0.23
10 7740 9.47 2390 -- 1.93 42.3 -- 1.65 0.229
N 7730 11.60 1240 <0.01 0.330 106 9 1.28 0.100
11A 11.54 2150 <0.002 0.292 285 12.0 1.48 0.222
12 7723 9.82 1460 <0.002 .10 200 2.9 0.522 0.144
137 7713 10.24 2660 <0.002 1.1} 493 2.4 0.3¥2 0.305
138 10.55 2380 <0.0 0.917 372 3.0 0.45¢ 0.095
0.020 0.262 3.8 4.2 0.838 0.259

14 7703 9.62 330

bility.
routinely dcne for those elaments known to vary

The percent-
age vanadium solubility is obtainad by dividing the

(Comparison of percent solubilities is

significantly as a function of depth.

solid concentration by the leachate concentration
(both in pg/g). Whan comparing trends in leachate
composition, it is important to negate variations of
elemental concentrations in the solids.) 1t 1s
possibie that the retorting conditions which favor
the formation of akermanite-gehlenite also favur the
mobilizaticn of these trace elements or that aker-
manits weathers in a nanner which releases larger
quantities of these trace elements compared with
other product tilicate phases. Ancvther possible
reason for Che changes in mobility from lZone C to
lone D could be the ability of the diopaide crystal
structure to arcommodate a variety of trace elements
as substitutes for calcium, magnesium, or gilicon.
whereas the akermanite-gehlenite structure it not
quite so flexible (12).

An alternate explanation that s quite plau-
sible considering the raw shale data previously
discussed is that composition variations in the raw
thale could have changed at the 7770 ft. level with
concomitant effect on the finai composition and
laaching behavior of the product phases. Although
the 7770 ft. lavel is in the middle of Zone 2 (raw
shale), the rubbling procedures undoui.tadly eltered
the stratigraphy of the retort chamber and thus
dircct correlation of cores is not possible. It {s,
hnwevar, certain that those trace elerants mobilized
from Zone C (spent shale) sections are the same
elements mobilized from raw shale core (W-156 in the
same Jtratigraphic horizon. Thus, it 1s not certain

whiether compositional changes in the raw shale or
differences in retorting conditions favorirg one
_product silicate vs. another (diopside or akermanite)
are responsible for trace slement mobility differ-
ences from Zone C to Jone D (spent shales). It is
important to note that bo*th raw shale composition
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Fig. 4 Relative variation as a function of dapth for
augite and akermanite/gehlenite solid solu-
tions and percentage vanadium soluble 1in
Core R3E2.

and behavior, and retorting conditions intaract to
define the nature and behavior of spent shales from
processing activities.

The enhanced mobility of the aforementioner
trace elements once thzy have been released from the
solid particles, can be placev. in an appropriate
framework by consideration of fundamental solution
chemistry. The pobiiities of arsenic, fluoride, cnd
nolybdenum are indicated from cherical equilibrium
codes to be controlled by alkaline earth ion con-
centrations. Adequats alkalina earth concentrations
will precipitate BlAlO4. Cqu and CnMooq. Thus,
their secondary minerals will exert solubflity con-
trol on these trace element: as lcng as a reservoir
of alkaline eerth ‘ons is available. An example of
this control is given {n Figure 5, which shows the
effert of decreasing celcium concentrations i1 core
RIE2. S¢rtfons with small calcium concentrations
exhibit the largest fluoride fon concentrations.
Using the sulubility product of Can. Kw 3.4 x
10-]1 at 18°C, and neglecting complicating phenomena
such as the common iun effect, calculation indicates
that calcium fon cuncentrations in excess of 6 ppm
will depress and control the fluoride ion concen-
tration. Calculations such as this can also be
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Fig. 5. Vvariations In calcium and fluoride concen-
trations in leachates generated from core
R3E2 solids.

made fur molybdenum and arsenic. Thus the previous
observation of the inverse relationship of con-
ductivity and alkaline earth cuncentrations with
arsen’ , fluoride, and mclybdenum concentration data
ars readily understood.

In contrast, the enhanced mobility of boron and
vanadiun does not appear to be affected by short
tere solub{lity controls. (This does not suggest
that tolution composition will not be altered to an
extent that will favor removal of these elements
troa solution as the leachate moves through the
geologic medium.) Thus, the increased solubility of
these elements could be dus to decomposiiion or
reaction of their origina) mineral residences with
concomitant change in their chemical form. If they
are not incorporated into the newly formac mineral
phases, they could be mcre susceptible to leaching.

SUMMARY

The raw shale fn the Logan Wash area varies as
a furction of depth. There are three zones of
leachability in core LW-156 (that was drilled be-
twaen Occidental's retorts 7 and 8). These differ
ences 1n leachability reflect the minor minaralogy



changes of the raw shale. The stratigraphic horizon
that corresponds to Occidental's mining and retort-
ing activities extends through 300 ft and lezchates
from these shalss exhibit very Tow calcium and
magnes fumn concentrations, increased concentratiors
of sndium, 1ithium, hydrogen ione, boren, vanadium
and molybdenum indicating increased solubilities,
and probleas sssociated with particulate clay min-
erals reflected by pparsnt increased solubilities
of iran, aluminum, silicon, and titanium. These
solids are characterized by detectable guantities of
mixed layer clays and also quantities of & soluble
sodium carbonate minera) (either dawsonite or 1ah-
colite). These observations have been contirmed by
appiication of pottern recognition techniques to the
minereloygizal and leaching data.

The spent shale cores from retort 3E at Logan
Wash indicate that extreme conditivons were expe-
ri{enced by the shaie materials during processing.
This results in the occurrence of dacompasition
and/or silication reactions to form high-tempsrature
product phases including akermanite/gehlienits and
diapside/ augite sa21id solutions, kalsil.te, mon-
ticellite and forsterite. The identity and per-
sistence of the carbonate minerals are impo-tant to
the understanding ~f the processing conditions
axperic..ced hy the shale materials. 1In retort 3E,
cavbonate ninsrals in the upper sixty percant of the
retort “gqve been identified as regenaration products
resulting from gas recycls and water injectiun pro-
cedures usea n post-orocessing of the retort
Carbonate minorals in the lower forty percent of the
retort are considered to be survivors of the retort-
ing process. In addition, the persistence of rel-
ativel; stable vaw shale pnases, such <% Juart:,
orthoclase, and albite, provide insight int. procass
paramete 's. Even though extreme ' 'itorting coniitions
were experienced by the spent rhales in retort 3E,
leachate (omposiiions suggest that s~ e:a) major and
trace ¢lements including potassium, V'4hium, fluvr-
{ide, vanadium, boron, molybdanJam, nickel, and arse-
nic «re not renderec {smobile by the formstion -~f
high temperature silicate product phases (especially
akermanite/gehlenite solid solution). Comparison of
raw-chale leaching behavior and spent shale leaching
betavior Indicates that some of the trace elements
re elevated in both raw and spent shale leachates,
which suggests that these elements are not incor-
porated in the silicete matrix or that elaments
which control these trace element solubilities are

incorporated in the silicate matrix (secondary
solubility coritrol). These observations h.ve also
been verified by pattern recognition techniques.

These assessment activities have suggested that
comilete characterization of raw and spent shales
from the same scratigraphic horizon is necessary to
understand the effect of retorting parameters on the
mobiliLy of inorganic (nd organic contaminants and
1s essential to deviloping an understanding of tha
chemistry that will contro) water contamination as a
result of contact with spent shales. These studies
have also indicated several misconceptions about
shale leaching. For example, it is apparent that
formation of high temperature silicate phases, such
as akermanita/gehlenite, does not necessarily guar-
antes the insolubility of all envircnmentally sen-
sitive trace olemants. Those studies have 4also
indicatad a variabflity in raw shale leaching not
previously encountared.

WATER QUALITY IMPACTS

The results presented in this regort have been
used 1n an assessment of potential water quality
problems _ssociated with modified in situ rutort
abandonmant. Water quality may be affected by
intermingling of differing quality aquifer waters or
by leaching of spent shales in retort chambers (13)
A racent assessment of aquifer bridging has sug-
vested Chat changes In wotar quality by intermingl-
1ng will not significartly alter the suitability of
the resultant water for use as & domestic, agricul-
tune., or live stock supply (14). This 1s because
the constituents which are troublesome in these
aquifers (boron, fluoride, 1. on, 1ithium, manganese,
and molybdenum) exceed criteria in most ground-
waters; only the de ree to which criteria are ex-
ceeded differ.

Water quality may also be affected by leaching
of soluble metarial from the spent shale. However,
most of the constituents that occur at elevated
concentrations in the leachates are also present at
elevated concartrations in the predevelopment ground-
water. This occurs because the aquifers in the area
are composed of raw shale. Thus, leaching aay not
significantly affect the suitability of these waters
for benaficial uses. There are a faw exceptions.
Concentrations of lead and selenfum excesd federal
drinking water standards and water quality criterias,
lead and vanadium exceed livastock watering criteria.



CONCLUSIONS

The importance of solids characterization in
the assessment Of health and envircrasen‘’.al con-
sequences of o011 shale processing has buen dis-
cussed. This type of information is sisential fo
the understanding of water quality impacts from
energy devalopment. A variety of fssues can be
addressad aided by solids charactarfzatfo> inror-
sation. (1) The rile of nrucess parameters in the
formation of wastes and effluents can be detersined.
(2) The minaral: wataer interaction during leaching
and/or weathering cAn be understood. (3) The in-
fluence of the microstructure of the solids on tha
leaching process can be investigatad. (4) The
availability of major fons for solubility control {s
(5) Trace
alement reasidencas and their role in contaminant '

determined by spant minsral asremblages.

wobilily can be understood.

The data presented in this report indicutss
that the spent shzle wastas retrieved from Logan
wash retort 3E are a function of the materia) being
processed and the process conditions. An under-
standing of the interaction of the raw material snd
the process in waste formation aids the interpre-
tation of the chemistry of effluent streams and
leachates. In rogard to trace element contaminants
in leachates, mineral residences, as wel! as, solu-

tion chamical control determines nobi!ity.‘
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